DE GRUYTER

DOI10.1515/htmp-2012-0076 === High Temp. Mater. Proc. 2012; 31(4-5): 415-420

M. Hasegawa*, T. Hayashi, T. Sasaki and M. lwase
Activities of Fe,O in Na,0-Al,0,-SiO,-Fe, O
Homogeneous Liquid Slags at 1673 K

Abstract: Electrochemical measurements of the solid-
oxide galvanic cell of the type Mo/Mo + MoO,/Zr0,(MgO)/
Fe + {Na,0-A1,0,-Si0,-Fe O} slag/Ag/Fe were conducted at
1673 K in order to obtain the activities of Fe,O in Na,0-
Al,0,-SiO,-Fe O system. The iso-activity curves for Fe O
at 1673 K were determined for Na,O-(ALO, + SiO,)-Fe,O
pseudo-ternary slags with an Al,0,/SiO, molar ratio of
33/67.
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1 Introduction

In the steelmaking industries, fluorspar, CaF,, is one of
fluxes most widely used to lower the melting temperature
of slags, to decrease the slag viscosities, and to increase
the rate of lime dissolution into slags. However, there is a
strong incentive to explore suitable substitutes for fluor-
spar, which causes emission of hazardous fluoride species.
As such alternative reagents to replace fluorspar, atten-
tion is focused on nepheline and/or nepheline syenite.
The former corresponds to solid solutions between
Na,0 - ALO,-2Si0, (=NaAlSiO,) and K,0-ALQ,-2Si0,
(=KAISiO,), while the later is one of the natural resources
which contain nepheline together with potash feldspar
(K,0 - ALO, - 65i0,=KAISi;,0,) and albite (Na,0-ALO,:
6Si0, = NaAlSi,0,).

During a course of thermochemical studies on nephe-
line or nepheline syenite as an alternative fluidizer to
replace fluorspar in steelmaking slags, it became neces-

sary to determine the activities of Fe,O within nepheline-
containing slags. By employing electrochemical tech-
nique involving stabilized zirconia, the Fe O activities in
CaO-nepheline-Fe,O melts were determined in the pre-
vious study /1/. The experimental results concluded that
substituting nepheline of a particular composition, i.e.,
(Na,,K,),0 - AL,O, - 25i0,, for CaO raised the Fe O activities.

In the present study, the activity measurements were
extended to liquid {Na,0-Al,0,-Si0,-Fe O} slags to aim
at clarifying the influence of molar ratios of Na,0 to
(ALO, +Si0,) upon Fe O activities. The electrochemical
cell used in this study can be expressed as

Mo/Mo + Mo0,/Zr0,(Mg0)/Fe
+{Na,0-Al,0,-Si0,-Fe 0O} slag/Ag/Fe

2 Experimental aspects

The experimental apparatus is illustrated schematically
in Figure 1. An iron crucible was charged with about 35-g
of pure silver and 20- to 30-g of slags, and heated to 1673 K
under a stream of purified argon inside a SiC resistance
furnace. The argon gas was supplied by Daiwa-yozai Co.,
Osaka, Japan. The commercial argon gas was purified
using a gas purification train, which consisted of silica-
gel, phosphorus pentoxide and magnesium chips held at
823 K. The electrochemical oxygen probe, Mo/Mo + MoO,/
Zr0,(MgO), consisted of a MgO-stabilized zirconia tube
and a two-phase mixture of Mo + MoO,. The zirconia tubes
closed at one end used in the present study had an inner
diameter of 4 mm, an outer diameter of 6 mm and a length
of 50 mm supplied by Nikkato Co., Osaka, Japan. Earlier
experiments have shown that the electrolyte tubes from
this supplier had satisfactory resistance to even Fe O and
Na,O-containing liquid slags /1-7/. A molybdenum rod of
3-mm diameter was used as an electrical lead to the refer-
ence electrode, which consisted of four parts Mo and
one part MoO, by weight. The electrical contact to the
outer electrode of the zirconia probe was made by the
liquid silver and a steel rod soldered to the iron crucible.
The use of dissimilar electrical connectors required a cor-
rection for the thermo-electromotive force of the steel-
molybdenum couple /4/.



416 —— M. Hasegawa et al., Homogeneous Liquid Slags at 1673 K

Fig. 1: Schematic diagram of the experimental apparatus. (A) iron
rod, (B) water-cooled brass flange, (C) mullite reaction tube,

(D) Pt-PtRh13 thermocouple, (E) alumina sheath, (F) alumina
crucible, (G) iron crucible, (H) molybdenum rod, (I) zirconia cement,
() Zr0,(MgO) solid electrolyte tube, (K) Mo + MoO, reference
electrode, (L) slag, (M) liquid silver, (N) alumina pedestal, (O) rubber
stopper, (P) gas outlet, (Q) gas inlet.
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Fig. 2: Composition tetrahedron of the quaternary system
Na,0-Al,0,-5i0,-Fe O.

Starting materials used in this study were Na,CO,,
Al O, and SiO, obtained from Nakalai Tesuque. Inc., Kyoto,
Japan. Iron oxide was obtained from Mitsuwa Chemicals
Co., Osaka, Japan. The slag compositions investigated in
this study are given by three straight lines drawn in the
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quaternary field of Na,0-Al,0,-SiO,-Fe, O in Figure 2. All of
the lines pass through the Fe O apex, and lie on the plane
where the molar ratio of A1,0,/Si0, is 33/67 (= 1/2). During
a single experimental run, the molar ratio of Na,0 to
(ALO, + Si0,) within the bulk of the slag was kept constant
at 50/50, 33/67 or 25/75. Mixtures of appropriate triple
oxides of Na,O, AL,O, and SiO, were prepared by mixing
requisite portions of Na,CO,, AL,O, and SiO,, and heating
at 1273 K for 24 hours. The resultant mixtures were used
for lowing the Fe O concentrations, while the Fe O con-
centrations could be increased by the addition of iron
oxide.

The experimental procedure consisted of measuring
the open-circuit emfs of the oxygen probes and subse-
quently sampling the slag. The zirconia probe was gradu-
ally moved downward until the probe contacted both the
slag and the molten silver. Cell potentials generated were
monitored on a strip-chart recorder of 2 MQ internal
impedance with an accuracy of +0.1 mV and were more
accurately read with a digital voltmeter of 100 MQ input
resistance with an accuracy of £0.01 mV. After the stable
emfs (0.1 mV) were obtained, the zirconia probe was
raised so that the lower end of the zirconia tube located
about 30- to 50-mm above the surface of the slag. This
procedure was repeated 3 to 4 times with a single probe
until the reproducibilities of emf measurements were con-
firmed, and subsequently sample was withdrawn from the
slag by dipping a steel rod in the molten slag for 2 to 3
seconds. The compositions of the samples were deter-
mined by wet chemical analysis. The zirconia probe was
replaced whenever the slag composition was changed. A
single experimental run with a fixed molar ratio of Na,O to
(ALQ, + Si0,) was thus continued with emf readings, sam-
pling, and addition procedures at a fixed temperature of
1673 K. The reproducibilities of emf measurements were
also confirmed by Fe O concentration cycling. In order to
avoid composition changes due to vaporization of Na,O,
all of slag was replaced several times during an experi-
mental run by using the same methods as sampling and
addition procedures.

Concentrations of ferrous iron and total iron in the
slags were determined by wet chemical analysis. Ferrous
iron was determined by dissolving the samples in HCl
under a stream of purified argon, and titrating with stan-
dard potassium dichromate /8/. Total iron was determined
by dissolving in HCl, reducing with stannous chloride and
titrating with standard potassium dichromate /9/. It is
considered that FeO and FeO,, form Fe O in the slag as
follows

n,FeO +n, FeO,,=nFe,O )]
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From the stoichiometric relations for iron and oxygen,
equations (2) and (3) can be obtained, respectively;

@
®)

n,+n,=nx

n,+15n,=n

where n,, n, and n denote the numbers of moles of FeO,
FeO,;and Fe O per 100 g of oxide phases, and these values
can be obtained through chemical analysis. The mole frac-
tions of Fe O in quaternary slags of Na,0-Al,0,-Si0,-Fe O
were then defined by

XFeXO =n/(n+ Mayo T Ma0, + nSiOZ) (4)
where ny, 5, 1,0, and ng,, are the numbers of moles of

Na,O, ALO, and SiO, per 100-g of slag, respectively.

3 Experimental results and
discussion

The open-circuit emf, E, of the cell used in this study is
given by /10/;

E = (RT/F) In[{P, (ref )" + P, *}/{P, (slag)" + P,"*}] + E,
®)

where R is the gas constant, T is temperature, F is the
Faraday constant, E, is thermo-emfbetween Mo (+) and Fe
(-) (23.6 mV at 1673 K) /4/ and P, is the oxygen partial pres-
sure at which the ionic and the n-type electronic conduc-
tivities are equal. Values for this parameter were taken
from Iwase et al. /11/;
log(PB/Pa) =25.41 - 6.45 x 10%/(T/K) 6)
The oxygen partial pressures at the reference electrode,
POZ( ref.), were calculated by the following equation /12/;
RTIn POz( ref.) /K] - mol'=-576.1+0.1692 (T/K) (7)
The activities of Fe,0, ag, o, were calculated by the follow-
ing equation;
aFexO = [POZ(Slag)/PDZO{FEXO}]1/2 (8)
where POZ"{FeXO} is the equilibrium oxygen partial pres-
sure of the mixture, Fe(s)+ “pure” non-stoichiometric
liquid Fe O, as given by the formula /7/;
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log (P02°{Fex0 }/Pa) =9.40 — 2.35 x 10/(T/K) 9)
The standard state for Fe O was taken as pure non-
stoichiometric liquid Fe,O in equilibrium with pure solid
iron at 1673 K.

The activities of Fe,O obtained in this study are sum-
marized in Table 1. The limits of accuracy of the Fe O activ-
ities given in this table were estimated from

dag, o/ ap, o=d In ag, , < |2F/RT| |dE| + [2EF/RT?| |dT|

+(1/2)|d In Poz(ref.)/dT| |dT]

+(1/2)|d In PDZ°{FeXO}/dT\ |dT| (10)
By using the average standard deviation for E, which
was +0.76 mV, the uncertainty of ay, , was estimated to
be approximately +1 percent. In Table 1, the limits of the
accuracy are given for the individual activity data. The
uncertainty in the slag composition, which did not exceed
+0.02 in mole fraction, arisen from mainly from errors in
chemical analysis.

X-ray diffraction analysis confirmed that all the slag
compositions investigated in this study were in the homo-
geneous liquid region. Figure 3 illustrates the Fe O activi-
ties as functions of Xy, , in homogeneous liquid region at
1673 K together with the literature data for Na,0-Fe O
binary system /13/ and Al,0,-Si0,-Fe O ternary system at
X0,/ Xsi0,=33/67 /5/. It is seen that the systems exhibit
positive deviations from Raoult’s law. For slags of X,/
(X0, + X50,) = 50/50, 33/67 and 25/75, the activities could
be well-expressed by smooth curves drawn through the
data points. For slags with Xy, o/ (X0, + Xs0,) < 33/67, the
Fe O activity increased drastically with an increase in
Xyaol Xar0,+ Xsi0,) mole ratio. The further replacement of
AlLO, + Si0, by Na,O, however, resulted in decreasing the
activity.

The Fe O activities in nepheline-Fe O system /1/ could
be compared directly with the present results for Na,O-
AlL0;-5i0,-Fe,0 melts at X, , /X, =33/67 =1/2. This was
done in Figure 4. In this figure, the activity coefficients of
Fe,O at X;, ,=0.3 are plotted against proportions of basic
oxides. Nepheline investigated in the previous study as an
alternative fluidizer to replace fluorspar had a particular
composition, i.e., (Na,,K,,),0-ALO,-2Si0, /1/, which
was expressed by an arrow in Figure 4. As shown in this
figure, the substitution of quarter amount of Na,O within
Na,O - AL, - 2Si0, for a more basic oxide of K,0 had an
effect of raising the Fe O activities. This was not unaccept-
able because the present results indicated that the Fe O
activity coefficient increased with an increase in the basic-
ity of Na,0-(AL,0, - 2Si0,)-Fe,O melts in the composition
range of Xy,,o/ (Xya,0 + Xap,0, + Xsi0,) < 0.33.

1,03



418 —— M. Hasegawa et al., Homogeneous Liquid Slags at 1673 K DE GRUYTER
Sample No. Emf (mV)* . 0 X 0 X (Fe**)/(Fe?*)
Xuayol Kuio, + Xsi0,) = 50/50

6-1 109.32+£1.82 0.537£0.014 0.238+0.007 0.859 0.488
6-2 114.33+£0.76 0.501+0.006 0.231+0.009 0.852 0.531
6-3 94.90+0.86 0.659+0.008 0.310+0.003 0.874 0.407
6-4 106.90+£1.15 0.557 +£0.009 0.277 +0.014 0.842 0.598
6-5 88.37 +0.45 0.721+0.005 0.369+0.003 0.882 0.364
6-6 102.63+£0.32 0.590+0.003 0.290+£0.005 0.862 0.472
6-7 87.00+1.21 0.736+0.013 0.458+0.006 0.867 0.442
6-8 80.60+0.10 0.806 +0.002 0.542+0.010 0.875 0.401
7-1 121.53+£1.29 0.454+0.008 0.223+0.002 0.872 0.414
7-2 103.37+£0.25 0.582+0.002 0.319+0.002 0.849 0.552
7-3 94.47 £0.15 0.661+0.002 0.393+0.006 0.860 0.484
7-4 98.63£0.31 0.624+0.003 0.376 £ 0.004 0.821 0.774
7-5 82.70+0.26 0.780+0.004 0.476+0.004 0.870 0.425
7-6 85.00+0.10 0.756 £ 0.002 0.457 +£0.007 0.877 0.391
7-7 89.83+0.12 0.706 £ 0.002 0.438+0.004 0.848 0.558
7-8 122.73£0.06 0.445+0.001 0.296+0.001 0.784 1.228
7-9 116.53£0.90 0.486 £ 0.006 0.283+0.002 0.826 0.731
7-10 77.07 £0.21 0.843+0.003 0.679+0.018 0.868 0.435
XNaZO/(XAIQOj‘ +X5i02) =33/67

8-4 87.70+1.73 0.732+0.018 0.272+0.003 0.956 0.101
8-5 91.53+1.04 0.690+0.010 0.245+0.004 0.951 0.115
8-6 81.67+1.00 0.796+£0.012 0.321+0.010 0.975 0.055
8-7 79.17£0.35 0.825+0.005 0.499+0.003 0.967 0.074
8-8 77.00£0.79 0.850+0.010 0.576+0.007 0.961 0.089
9-3 94.47 +0.15 0.661+0.002 0.223+0.008 0.925 0.194
9-4 87.37+0.23 0.730+0.002 0.300+0.012 0.930 0.178
9-5 88.57 +0.21 0.717 £0.002 0.284+0.006 0.936 0.158
XNazo/(XAlzoj. +Xs«'oz) =25/75

2-4 103.85+0.12 0.581+0.001 0.238+0.007 0.967 0.073
2-5 92.60+1.30 0.680+0.013 0.329+0.016 0.981 0.040
2-6 87.17 +0.81 0.732+0.009 0.435+0.007 0.953 0.109
2-7 83.83+0.12 0.773+0.002 0.489+0.002 0.958 0.095
2-8 81.43+0.06 0.795+0.001 0.526+0.004 0.961 0.087
4-4 103.87£0.68 0.582+0.006 0.248+0.006 0.978 0.048
4-10 107.97£1.01 0.549+0.009 0.209+0.001 0.973 0.059
5-2 114.80+0.95 0.498 +0.007 0.205+0.012 0.904 0.211
5-5 104.60£1.85 0.576 +0.016 0.235+0.003 0.959 0.084
5-6 90.30+0.40 0.708 £0.005 0.401+0.001 0.961 0.081
5-7 81.47+0.21 0.796 £0.002 0.583+0.004 0.944 0.119
5-8 79.67 £0.06 0.811+0.001 0.615+0.003 0.932 0.145
5-9 76.03£0.06 0.857 £0.001 0.771+0.003 0.935 0.139
5-10 72.03+£0.06 0.905+0.001 0.858+0.001 0.939 0.130

* Emf values are not corrected for thermo emf between Fe(-) and Mo(+). For correction, subtract 23.6 mV from those given in the table.

Table 1: Experimental results at 1673 K.

From the smooth curves given in Figure 3, iso-activity
curves for Fe O within homogeneous liquid region at 1673
K could be drawn on Na,0-(ALO,+SiO,)-Fe,0 pseudo-
ternary field of X, , /X, =33/67, as shown in Figure 5.
The Fe,O activities for Na,0-AL,0,-Si0,-Fe O melts would
have maxima at Xy,,o/ Xyq,0+ X,

+Xg0,) =0.33. Similar

behavior could be observed for the other basic oxide-
acidic oxide-Fe, O systems, e.g. (CaO + Mg0)-SiO,-FeO /14/,
(Ca0 + MnO + Mg0)-(SiO, + P,0,)-FeO /15/, Na,0-Si0,-Fe,O
/16/ and Ca0-SiO,-Fe O /17/. Such a phenomenon is often
interpreted as an amphoteric property of iron oxide /15/.
At very acidic solutions iron oxide forms iron silicate,
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Fig. 3: Relation between a;, , and X, , for Na,0-5i0,-Al,0,-Fe,0 slags
with an Al,0,/Si0, mole ratio of 33/67 at 1673 K.
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Fig. 4: Relation between activity coefficients of Fe,O forX,Exo =0.3
and (XN020 + XKZO)/ (XNaZO + X0 T X0, + Xs:‘oz)-

while at basic systems it forms ferrite; the activities are
lowered in both cases. Hence there is a maximum at the
intermediate region.

The consideration mentioned above would make it
of interest to consider the behavior of ferrous and ferric
ions within Na,0-AL0,-Si0,-Fe O liquid slags by using
the oxidation-reduction equilibria. Such reactions can be
written by

Fe + (1/4) 0,=Fe3* + (1/2) 0> (11)

or

Fe* + (1/4) 0, + (3/2) 0> = (Fe0,)- (12)
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Fig. 5: Iso-activity curves for Fe,O in the pseudo-ternary system
Na,0-(Al,0, + Si0,)-Fe,0 with an AL,0,/SiO, mole ratio of 33/67 at
1673 K.

Equations (11) and (12) are predominant for acidic and
basic melts, respectively /18/. Equation (11) implies that
iron oxide in acidic melts would behave as a basic oxide
expressed as

(FeO),, re,0 = F€" + 0> (13)

(FeO, 5);, Fe,0 = P+ (3/2) 0> (14)

On the other hand, equation (12) indicates that iron oxide
in basic or amphoteric melts would behave as an ampho-
teric oxide expressed as follows.

(15)
(16)

(FeO),, re,0 = F€* + 0%
(FeO, )iy e, 0 + (1/2) 0% = (FeO,)-
It should be noted here that conventional wet chemical

analysis does not distinguish between Fe** and (FeO,)~.
Namely, from equations (11) and (12), one obtains

log{(Fe3*)/(Fe*) PO;/‘*} =—(1/2) log a,- +log K(11) (17)
and
log{(Fe3*)/(Fe*) P021/4} =+(3/2) log a,»- +log K(12) (18)

For acidic melts, reaction (17) would be predominant;
hence log{(Fe*)/(Fe*) P021/4} should decrease with an
increase in basicity or oxygen anion activity. For basic
melts, the reverse should hold true, because the
oxidation-reduction equilibrium would be prevailed by
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Fig. 6: Relation between log{(Fe**)/ (Fe?) Pozl/a} and X 08t 1673 K.

reaction (18). Figure 6 shows the relation between
log{(Fe*")/(Fe*) P, "} and X, , for Na,0-AL0;-Si0,-Fe,0
slags. The value for pure non-stoichiometric liquid Fe,O
coexisted with pure solid iron is based upon the works by
Darken and Gurry /19/, and Muan /20/. As shown in this
figure, the values for log{(Fe**)/(Fe*) P021/‘*} increased with
an increase in Xy, o/(Xg0, +Xy,0,) molar ratio, i.e. an
increase in slag basicity. This result indicated that the
oxidation-reduction equilibrium for the Fe3*/Fe?* couple
could be given by reaction (12) for the Na,0-AL0,-SiO,
Fe O slags investigated in this study; ferric ion could be
expressed by (FeO,)~. Thus, iron oxide, Fe O, in these
melts would behave as an amphoteric oxide.

4 Conclusion

An electrochemical technique was applied for the deter-
mination of the activities of Fe,O in Na,0-Al,0,-Si0,-Fe O
slags at 1673 K. For the homogeneous liquid slags investi-
gated in this study, the Fe O activities showed positive
deviations from Raoult’s law, and had maxima at XNaZO/
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(X0, + Xsi0,) = 33/67. The results were discussed on the
basis of the amphoteric nature of Fe O.
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